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PREFACE

With the recent increase in technological needs and the interest in
the power conditioning arena, one of the problems facing workers in the
field is the lack of texts or notes describing recent progress, particu-
larly in the area of repetitive power conditioning. For this reason and
because of expanding internal requirements, the University of New Mexico
(UNM) and the Los Alamos. Scientific Laboratory (LASL) have created a set
of lecture notes based upon the graduate course taught recently at UNM.
The objective of these notes is to create a record of many of the ad-
vances in the field since the last text in the field was published just
after World War [I. In this context, the lectures presented are ori-
ented toward an introduction of the reader to each of the areas de-
scribed and present sufficient background information to explain many of
these advances. They are not intended to serve as design engineering
notes, and thus the reader is referred tc the references at the end of
each lecture for detailed technical information in specific areas.

The preparation of these writings 1s a result of a considerable
teamwork effort on the part of LASL and Sandia staff. In particular,
Cathy Correll, 1in conjunction with Jo Ann Barnes and the rest of her
efficient word processing staff, carried the major responsibility for
preparation of the lectures while the lecturers did the proofreading and
revisions. As course coordinator, it 1s a pleasure to acknowledge the
strong support of Ray Gore, our E-Division Leader, and Shyam Gurbaxani
who is the UNM Graduate Center Director, Los Alamos Campus.

K) g

W. J. Sarjeant

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

October 3, 1980
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LECTURE 5
DISCHARGE CIRCUITS AND LOADS
by
W. J. Sarjeant

I. INTRODUCTION

This will be an overview in which some of the general properties of
loads are examined: i

@ their interface with the energy storage and switching devices;

@ general problems encountered with different tynes of loads;

® how load behavior and fault modes can impact on the design of a
power conditioning system (PCS).

A. General Properties of the Discharge Circuit and Load

Consider, in Figs. 1 and 2, a transmissfon line with some impedance
Zo and a one-way transit time &6, connected in series with an ideal switch,
and a load resistor RL. Now, Vo is the voltage to w?ich the line Is
charged. When the ideal switch is closed, a current™ equal to

flows for a time v = 28. For this discussion, let us accept this as an
experimental fact. The pulse width t, base to base, is then 25 for the
case in which the load fnnedance equals the impedance of the transmission
Tine.

For maximum eneryy transfer it can be shown that there is a relation-
Ship between the energy stored in the line and the energy delivered to the
load. There is a broad maximum in the energy transfer efficiency (Fig. 1).
Even with a significant impedance mismatch there can still be a quite high
transfer of efficiency in the system. From 0.5 to 1.5 in the ratio of

FRArAanA mt



DISCHARGE CIRCUITS AND LOADS : LECTURE 5 2

FIGURE 1: GENERAL PROPERTIES OF THE DISCHARGE CIRCUIT AND LOADS

General Properties:

- Basic characteristics determined by circuit elements:
switch, PFN, and load.

- Pulse cable can introduce some pulse shape degradation,
amplitude attenuation, and average power loss.

Ideal Discharging Circuit

Transmission Line:

(impedance is Zo) Vo
I(t) = . <t €2
1f// . L To
} =0 t> 26 if RL = Zo
RL and 26 = t = PULSE WIDTH
- § — where ¢ is the one-way
transient time.

For Maximum Energy Transfer, RL s Zo'

As RL varies from Zo:

R
L 1
P, /P, = - e
R/Pz," 7, (1 »fre,_/zo)2
VZ
P = -—o—z. . RL 10 .
e [ Ruzo) 3 /f?t D
as
0
0 [T ) 10 15 0

. ED5380.EL Ref. 1



DISCHARGE CIRCUITS AND LOADS LECTURE 5 3

RL/zo' there is 2 transfer efficiency of about 80%. The real reason, 'n
general terms, that the line impedance is matched to load impedance is to
control the voltage left on the line at the and of the discharge cycle. If
an 80 to 85% efficiency is acceptable, there can be a large mismatch.

When the load impedance equals Zo, the impedance of the transmission .
line, the energy stored in the line is one-h-if Covo2 and it is all dis-
charged into the resistive load RL in the same time r. It can be shown
(Fig. 2) that the cnergy deposited into the load is the integral of the in-
stantaneous voltage times the current over the discharge time., The dis-
charge time is twice the line capacitance times the line impedance. This
is a useful relationship to keep in mind.

The pulse risetime problem in short-pulse duration discharge circuits
is due to the parasitic capacitance across the load. The parasitic capaci-
tance times the impedance of the transmission line gives a fairly good
measure uf what the ultimate risetime will be if the capacitance is fairly
large. That is normally the property of the real-world system that de-
grades the voltage risetime or the loxd. The current risetime is deter-
mined primarily by the inductance in the switch-load interface area.

B. Pulse-Forming Network Systems

In the case of pulse-forming network (PFN) systems, Fig. 3 shows an
example of a system having a unidirectional switch, a type E PFN (of four
cections) discharging into an impedance equal to the PFN characteristic
Inpedance. The PFN discharge current in each section is shown to 111lus-
trate the different current pulses flowing through the different capaci-
tances in the 1ine. The last capacitor in the 1ine sees twice the peak
current, The rms current through each is about the same, but the peak
current in the final capacitor is definitely higher.1 This means that

EDS380.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 4

FIGURE 2: IMPEDANCE MATCHING EFFECTS ON THE.GENERAL PROPERTIES
GF THE DISCHARGE CIRCUIT

For Z° - RL' all the energy in che transmission line is dissipated in RL:

LOAD VOLTAGE
Let c° * Line capacitance
2 V_ - R, =2
1 cv r vo . vo I ° L 0
? “o0'o IZ; T 2 ‘o’ Vo
v v v v 2 Z
[E. a 2= 2 & .9 ra 0 ¢
et 7 I S v
c T

ort = ZCOZO- Pulse duration

Note that stray capacitances may degrade very short pulse length pulse
shapes.

ED5380.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 5

FIGURE 3: PULSE-FORMING NETWORK CHARACTERISTICS
PFN:

Very fast risetimes and falltimes demand tapered PFNs. Low ripple
demands many sections.

L1
A
I § : .
1 .
B D )
M R d
et w +
Y’ 1 1,4 'i N 1“ e | 1 f
] { 1 )|
T NS B 1 i
‘ Iv ~Condenser-discharge surrects in the four-esstica iype-£ oetwork shows i
Fig. ¢-40,

Ref. 1

ED53.44.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 6

during the design of a PFN it {s usually more cost-e¥fective to provide the
capacitor supplier with a sketch of the network along with the capacitor
values and inform him of the load peak current, allowing him to design the
capacitors for this service taking into account the current ratios in the
various PFN capacitors.

For very short-duration current pulses in the multikiloamp range, the
PFN capacitor is preferably of the extended-foil type to eliminate internal
arcing and tab interface power 1osses.z I[f the current risetime required
in the load is less than 0.1 <, there is a way of achieving this, which was
started years ago in gas discharge systems. Giver an ideal switch in a
four- to eight-section transmission line, the first four capacitances are
selected in the ratio of 1:2:4:8 and the same impedance per section,
Z, * VT Cy- This does not produce a trapezoidal shaped pulse, but it
gives a very fast risetime pulse. In this configuration, water vapor la-
sers were driven with relatively steep rising current pulses. Because they
were direct electron-pumped systems, this increased the electron tempera-
ture significantly and increased their laser efficiency. The risetime is
effeciively the discharge time for the very first stage provided the PFN-
load interface inductance L is small enough so that L/RL 1s less than the
first PFN section discharge timc. This is generally a useful technique for
generating a steep wave-front pulse. Time-varyinjg load impedances can be
roughly matched for these lasers by setting a ratio for the impedances of Zo
to 2:4:8 for the first three sections, creating what is called a tapered
transmissicn line. This can cause reflecticn problems, but it is a rather
unique and efficient way of driving such loads as hydrcgen flunride (HF)
lasers, CO2 transversely KrF (xcimer systems, whose impedance decreases
with time. This is a crude but economical approximation to the general
time-varying PFN problem,

For very low ripple on the top of the pulse, there must be many sec-
tions in the PFN. A 20-section PFN can be built to have a peak-to-peak
ripple of onc per cent, which appears to be a practical limit., It is very
difficult to achieve less ripple than this.

ED5380.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 7

C. Parasitic Capacitance Effects

A major problem in all these system can be parasitic capacitance and
its effects on risetime (Fig. 4). In most cases two of these parasitics
predominate: there is one across the switch and there is ancther across
the load. Both are difficult to avoid. The one across the switch is dis-
charged at an extremely high frequency when the switch closes. This could
be used to advantage in spark gaps to shorten the resistive phase. The one
across the load slows the rate of rise of voltage, creating problems in
very fast circuits.

II.  THYRATRONS, IGNITRONS, THYRISTORS, AND THE LIKE

A, Switch Common Areas

_ This section also discusses tkyratrons, ignitrons, thyristors (sil-
icon-controlled rectifiers), or any bulk ionization device where every-
thing is controlled by avalanche ionization and the appropriate analogue in
the solid-state case. EG&G has been studying thyratrons for the Los Alamos
Scientific Laboratery AP Division to determine the limitations in their
switching nroperties, the maximum speed at which they can be made to
switch, and the physical model that correlates with the real world, It
turns out that they can e made very fast switches indeed. Ristic shows
that in spark gaps.3 for the case of nitrogen, the gap voltage decreaies
with time and Ristiz found a t'3 dependence. There is a great deal of dis-
cussion about this time dependence and the reader is referred *o Lecture 6
on Spark Gaps for additional 1nformat1on.4

B. Thyratron Switch Model

For thyratrons, a trigger pulse {s app’led, there is then an ava-
lanche growth of aelectron density forming a glow discharge that may tend
towards an abnormal glow for high peak currents. A1l switches of this
class work this way., At t = Q, -Vo is added than in series with the switch
sc that no current flows, As time passes, the voltage source decreases in

ED5380.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 8

FIGURE 4: PARASITIC CAPACITANCES AND THEIR EFFECTS ON PULSE RISETIME
For mcst applications, stray capacitances in the power conditioning

system fast discharge portion can be lumped into a "Cé" at the output of
the PFN.

SWITCH
~—"o——¢—— PFN T
= Cs =C¢ | Loap
- ~—
/
e * oy c Cs

ED5380.EL



DISCHARGE CIRCUITS AND LGADS LECTURE 5 9

amplitude and current flows through the system. The current flow is lim-
ited in its risetime by the lumped inductance L, which couples the switch
and the load. The voltage drop decreases exponentially to the constant
switch crop level for the duration of the pui.se. The best values experi-
mentally ach1eved'for,rF are 1 ns for thyratr<as at kiloamp peak curren{.
That is a factor of 10 better than the initial value some 20 years ago.

For thyratrons, the model that gives very good results in comparison
to the data, with the discharge times of 20 to 100 ns, replaces the thyra-
tron with a voltage source (Fig., 5). When the switch is closed, it has a
series inductance (from the thyratron and its connections), a voltage
source in series with it, plus the switch drop (which is an invariant 100
to 200 V for almost all gas switches). The t that gives the best agreement
with the data is, if e is the total falltime from top to bottom, 3t = <
That gives agreement, within 5 to 10X, with the data for all types of
tubes. The examples we shall show later using this model predict somewhat
slower rates of rise than are observed with present thyratron switch
tubes.

Fc

ITI. PULSE TRANSFORMERS

A, Pulse Transforme: Models

Pulse transformers (Fig. 6), refarring everything to the secondary,
have a magnetizing inductance LE', a shunt capacitance Cc. primary to
ground converted to secondary, the secondary-to-ground capacitance CD.
the leakage inductance LL’ the core loss RE , the Toad resistance RL'
and the voltage, NV The switch, actually on the primary, is closed
with everything referred to the secondary. The diagram then shows an LRC
circuit with the risetime LL-CD 1imited,

ED5380.EL



DISCHARGE CIRCUITS AND LOADS LECTURE 5 10

FIGURE 5: THYRATRON SWITCH MODEL

Most Current Model:

Let V(t) be the voltage across the switch,

Then:

V(t) =V, (+¢"%/7) + switch drop of = 150 volts

37 = " Resistive phase falltime (i.e., 100 to 0%
voltage falltime)

\ V(t) cf: For spark gaps
/swiTcH V(t) ot
SWITCH l--- -
R
DrROP §° ! —~
\@~—— PULSE DURATION ~—e time
|

!

Note: That for most switches the drop is nearly independent of
current,

Rev. 5

ED5380. EL
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- FIGURE 6: PULSE TRANSFORMER MODEL

nVo SWITCH

—— e 0~ 0

/
Le

Vo L

~Cc $RE

11

TRANSFORMER
TERMINALS

ED5380.EL

Referred o secondary

Magnetizing inductance x LEN2

Core loss x~ NZRE

sec N2 pri

Leakage {nductance = LL LL

Shunt capacitance-sec.ndary to ground

Shunt capacitance-primary to ground =

7/ R

2
/N
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High-pulse fidelity pulse-transformer design is still a compromise of
efficiency against pulse fidelity (Fig. 7). Flatness is predominantly con-
trolled by three factors: resonances in the transformer structure, flux
saturation level and the time taken to reach saturation (which is material
dependent), and the amount cf energy that flows into the magnetizing induc-
tance. For very long pulses, it is the magnetizing inductance that shunts
away the desired energy from the PFN. The cost of large, high-quality

1se transformers goes up very rapidly with pulse width. Unless absolute-
ly necessary, pulse transformers are an expensive'route for pulses ionger
than 20 to 25 us.

B. Pulse Transformer Limitations

Given a load 1ike a magnetron or a direct-discharge-pumped gas laser,
as the current and the voltage start to decrease, the sustaining voltage fis
passed and the current suddenly ceases to flow in the lcad, except for the
current flow in the recharging inductance or resistance across the load.
The falltime limit is then determined by the total locp inductance L, which
for pulse transformer drive can easily be'400 to 500 nH, and the P“N imped-
ance, resulting in fairly long falltimes. When a laser switches off, the
energy stored in this shunt inductance and in the transformer leakage
inductance discharges in a resonant fashion into the inductance/capaci-
tance loop (Fig. 7). Ancther problem is that since this is a resonart
discharge there can b2 a voltage reversal at the load noint. The amount
can be determined through a nonlinear analysis for high-power pulse trans-
formers, but it is difficult to do. The amount of reversal is not constant
as the load impedance changes., The load and the pulse transformer are
intimately 1nterconnected.1

For very fast pulses, coaxial cable transformers can be used to pro-

vide voltage gains of two to four times, but they are always rather high im-
pedance. Cable transformers exrerimentally give much lower wultiplications

ED5380. EL
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FIGURE 7: PULSE TRANSFORMER LIMITATIONS
Main problem areas are:

1. ] o*w L.C0 : Risatime limit

w

~c
.

Flatness - determined primarily by resonances in LLCD

and flux “saturation" level and time, and energy in L/

EQ

L) CD : Falltime 1imit - especially
if RL is biased diode load.

3. TF * T (L'E + L

siice Lé >> L.L in general

4. Reversal depends upon matching and Q of circuit.

ED5380.EL
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DISCHARGE CIRCUITS AND LOADS LECTURE 5 14

than the theoretical formula predicts. For two or three times, they are an
economical way of stepping up voltages. A1l comments made for the same
transformer using ferrite cores to increase permeability also apply to
these.

For overall pulser efficiencies, a rough number is about 60 to 80%,
which has not changed significantly since the 1940s. A repetition-rate
system, even at 1 to 2 kHZ has a given input power of about 70% of 2 given

wut power for the system. This is due to heat lost in the diodes and
ng unit, and switch losses. This applies to ignitrons, thyratrons,
acuum arc devices, and some thyristor (silicon-controlled rectifier)
modulators. Spark gaps in repetitive circuits can have quite large losses,
and overali system efficiencies can fall well below 60% at kilohertz repeti-
tion rates.4

IV,  SWITCH RECOVERY AND RESISTIVE EFFECTS

When a load turns off, the current decays towards zero, The reso-
nance effect in all the inductors with the stray capacitances and thc
recharge circuit tries to put charge back on the PFN. The recovery time
for the switch device, whatever it is, is over the time so marked in Fig.
8. The area of the first negative pulse represents a positive ion energy
deposited inside the thyratron gas switch tube ("gas cleanup"), which can,
in effect, increase the heat load on the tube and severely limit the life-
Hme.1 In large, high-repetition-rate systems, where the switch tube is
being pushed to the 1imit of its performance, an enormous amount of posi-
tive ion heating of the anode of the tube can occur, easily equaling the
anode heating of the tube during the switch turn-on time. A similar be-
havior can 2pply to spark gaps. Energy is deposited in several areas in-
side the gap until it fully recovers. Just how importint that is depends
on the individual circuit.

ED5380.EL
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FIGURE 8: SWITCH RECOVERY AND RESISTIVE EFFECTS UPON CIRCUIT PERFORMANCE

FOR BIASED
SWITCH VLCAD DIODE-TYFE LOAD
RECOVERY [\va

/ VA —<""""“RECHARGE CYCLE

Effect of Switch Resistance:

+ Primarily degrades risetime of voltage pulse
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FIGURE 9: ULTRAHIGH-SPEED SPARK GAP TRIGGER GEMERATOR

DECOUPLING
FERRITE
*Vo a~" TOROIDS
" " 00
. e v
Vpras= T ) > Tout
, 2&;;-5301 == [] D__ﬁ_
0 t 3»> 200 ns -
¢+ = 50 ns ZO = 230
physical pp—
length 2 w] - physical 4
length = Vz
v as a function of time, using NET 2 program and thyratron model as

out
shown in Fig. 5:

For thyratron:

Tube drop = 150V
T = 10ns ..t =3.3ns=21/3 « T
= 20 nH = tube plus mounting inductance

and L

Ref. 5
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V. SWITCH RISETIME EFFECTS IN ULTRAFAST POWER CONDITIONI 'G SYSTEMS

The switch can degrade the risetime. This is illustrated by consid-
ering a circuit in Fig. 9 proposed for a mid-plane spark-gap trigger.s It
is necessary to put a negative bias on the midplane tnrough a coaxial
cable. The inductor to the bias line decouples the midplane during the
trigger pulse duration. The line of length “1 is resonantly charged to
voltage Vo. The switch is closed, which then discharges this line into
the second one of length W,. There is a negative-going pulse on the second
line, and the peak value e&uals the bias voltage plus the absolute value of
Vo' The particular c¢ircuit under consideration has a 23-q line, 50 ns
long, charging another 23-Q line The second line, being a long cable,
eliminates reflections during the spark gap turn-on phase. The ground
current through the coaxial outer conductor is decoupled with ferrite
toroids that have been shown to work very well. There are several ferrite
tcroids that work particularly well for fast-pulse circuitry (e.g.,
Ferroxcube type 144T500). About 20 to 30, spaced along tne line, will
provide a great dral of increased shield inductanca. They increase the
effective indirscance between the grounds shown to minimize currernt flow
through tie cable during discharge.

A, Switch Modeling

Bi1l Nunnally has modeled this with a switch-resistive phase time,
TE of 10 ns, at of 3.3 ns, and a Tumped switch plus interconnection
inductance of 20 nH.5 This is comparable to state-of-the-art systems.
(Such a thyratron switch tube ic about 1 in. high, and with a current re-
turn shroud attached, a tctal inductance of 19 to 15 nH is measured.)
For an ordinary thyratron of conventioral design, which is much largeir in
size, the inductance can be 200 to 300 nH. In the thyratron trigger, for
conventional tetrode tubes, T is =~ 40 ns and 80 ns for triodes. The tube
model is illustrated in Fig. 10,

ED5380.LCL
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Initially the thyratron is at +50 kV and the bias on the spark gap at
-50 kV. A 50-pF shunt load is assumed across the end of that line. The 23-
and 50-0 cables were selected and were found to have little effect on rise-
time. The switch is a HY-5301, and gives an output pulse (Fig. 11) rate of
rise of 7.5 kv/ns, which is more than adequate for multichanneling most
spark gaps that require 6 kV/ns. An ordinary thyratron provides only 1.5
ta 2 kV/ns. This is, then, a relatively compact switch device that can be
used to provide fast trigger systems.

B. Trigger Generator for Multichannel Spark Gaps

Another tube examined was a developmental 100-kV device (HY-5323),
with a 15-ns resistive phase falltime and 30-nH total inductance. The
advantage of going to the higher voltage is the steeper slope (Fig. 12).
For multichanneling, the calculated 11 kV/ns is more than adequate. This
pulse can be generated at repetition rates of several kilohertz with low
delay times and extremely low jitter.

ED5380.EL
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FIGURE 10: HY-5301 THYRATRON MODEL AND TRIGGER CIRCUIT INITIAL CONDITIONS

System Initial Conditions

vo = +50 kV
CL = 1 pf and 50 pf: Load shunt capacitance

Use thyratron model: For HY-5301 tube

THYRATRON  FERFECT
INDUCTANCE SWITCH

M/e ={ V(t) & 3

‘//Tube Drop
when fully

V(e) = -(50,000) e~ t-t)3/R 4150 conducting

Vo = 50,000 = peak voltage across tube
20 nH = tube inductance

to = time at which perfect switch is instantly closed
e resistive phase time for thyratron

= 10 ns Note: For conventional tubes

x 31 t = 40 ns resulting in some

risatime degradation time

where: -+ is l/e time

Ref. 5
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FIGURE 11: PREDICTED TRIGGER PULSE SHAPE USING A HY-5301 THYRATRON SWITCH

Voltage Pulse Risetime = 8 ns Vpk = 100 kv
av « 7.5 kv
at ns
T
IOO-T INITIAL CONDITIONS:
8 Charging = +50 kv
Bias = 50 kV

T C Load = 50 pF

THYRATRON TUBE TYPE:
HY-5301

75 -

Yoltage - k¥

L1

180 190 200 210 220 230 240 250 260 270 280 =m——————p

fima - ns

Ref. §
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FIGURE 12:

PREDICTED TRIGGER PULSE SHAPE USING A HY. 5323 DEVELOPMENTAL
THYRATRON SWITCH

T TRIGGER GENERATOR OUTPUT FOR THYRATRON
TYPE HY-5323
P
MITH tp = 15 ns
200.
Voltaqe risetime = 12 ns INITIAL CONDITIONS:
Vpeak ™ 140 KV Veharging * *100 kV
dv = 11 kv/ns VBlag " -0 KV
tdt c = 50 of
i Load
1501
100t
50
. 4 ('L.A -+ + 4= -
[T 200 210 240 20 240 250 260 70 20
!
Time - ns
Ref. 5
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VI.

EFFECTS OF INTERCONNECTION PULSE CABLES TO LASER LOADS

There are four points to note on the effects of pulse cables connect-

ing to laser loads (Fig. 13).

1.

Given a piece of cable connecting the laser to the pulser, the laser
impedance being usually time-varying, reflections can travel back and
forth on the cable, causing oscillations on top of the voltage pulse.

Coaxial cables are not perfect cables; they have leakage inductances of
about 15% and resistive losses. To derive the same peak power from the
system, additional power must be put in the input. To minimize this,
special totally shielded cable can be purchased, or high-voltage
coaxial cable for underground power distribution systems is readily
available at less cost and generally works well,

When the load faults, an opposite polarity voltage pulse travels back
along the cable. OQOepending on the tyming of the fault, enormous
voltages can accumulate at the input of the cable. This problem is
discussed in detail in Greenwood.6 Ch. 3. Generally, if the cable is
designed to handle three times the pulse load voltage, faults will not
destroy the system, Most faults will not exceed three times the load
voltage.

For fast pulses of about l-ns risetime, tnere is very little current
penetration into the conductors. The voltage pulse shape rapidly
degrades substantially as it travels down the cable. The skin effect
i+ wali discussed in the b 'k by Metzger and Varbre.7 fhe problem was
minimized in one case by keeping the cables shorter than 20 ft for
6-kV, 120-ps pulses. One-nanosecond pulses can be propagated for

100 ft over RG~17 and -19 uncompensated cables, (f the cable is kept
?ree of disturbances and physical damage., The ferk 1ift degradation
factor is 0.1 and 6%, reflection added per run-~over. Foam cables
are quite good, but should be strung overhead to avoid physical dam-
age, (RG-8 foam will oparate to 6-kV pulse at low-repetition rates.)
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FIGURE 13: EFFECT OF PULSE CABLE BETWEEN THE FAST-DISCHARGE CIRCUIT AND
A LASER LOAD

For laser loads, pulse cables create:

1. Reflection oscillations on pulse crest

2. Current increases because of cable resistive losses and radiation
( shields not perfect).

3. For load faults, cable can propagate more than 2V° reflections
depending upon total circuit Q.

4, For fast pulses ( = nanosecond risetime) skin effect degrades risetime
over * 30 m for RG-17U.

P oy S
Note that the cable looks like: in — out
—_— —

| -

for pulse durations much ionger than its two-way transit time. Then this
cable acts as a rasonant circuit in conjunction with PFN and/or trans-
former stray C and L. This can give rise to post-discharge oscillations
that may be damaging to the switch or load., Oamping shunt L-R networks

in series with the coaxial cable center conductor at both ends of the cable
generally control this,
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In times much Tonger than the two-way transit time of the cable, a
resonant circuit with a series L and a shunt C develops. Pulse discharge
oscillations can be dampened in many cases by adding L/R networks in series
with the center conductors at both ends of the cable, as will be discussed
in detail somewhat later on.

VII., EFFECTS .7 CHANGE IN THE LOAD IMPEDANCE ON CIRCUIT PERFORMANCE

Difficulties arise with a time-varying load or one that can have
pulse-to-pulse fluctuations (Fig. 14)., The TEA CO2 and the HF¥ lasers
have built-in fluctuations that are not necessarily repeatable or constant,
while vacuum devices like magnetrons and klystrons have almost perfect
reproduceability., Many of the flunctuations are caused when the loads arc,
posing the problem of protecting the PCS from serious damage.

A. Voltage Reversal After PFN Diicharge

An ideal switch discharging a PFN has a charge voltage VN' a cur-
rent through the load, a voltage across the load, an impedance ZN (of
the PFN) and a load resistance RL on the output, At the end of the dis-
chirge time, a voltage can be left on the line, The amount of reversal
is

Inap Rty
N RL*I

where VN_1 1s the peak voltage of the first reversal.

When RL 1s smaller than ZN' which is unfortunately the case for most
lasers, thare can be a significant degree of vo'tage reversal. With a
unidirectional switch, the charging circuit gra. 1ly puts current into
the PFN and starts recharging., Fundamentally, this negative voltage must
be kept within the inverse ratings of the switch device. A typical number
for ignitrons is 15 kV, for newer thyratrons 15 to 20 kV, and for older
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FIGURE 14: EFFECTS OF CHANGE IN LOAD IMPEDANCE ON THE PERFORMANCE OF

LINE-TYPE POWER CONDITIONING SYSTEMS

For rapid impedance changes during a pulse or pulse-to-pulse variation,
usually caused by load faults, the designer must protect pulser against

prolongad short or open circuits in the load loop.

FOR IDEAL PULSER DISCHARGING A PFN OF IMPEDANCE

Zy INTO RESISTIVE LOAD R, :

v
N -
IL = W VN PFN charge voltage
N
R M
Voltage left on the network at the end of the pulse 1s1
R, -2
L °N R, <2
Vy o ® x v Va M te Pylse width
N-1 T R KN N ‘—\j
~ % Voltage Reversal on PFN
For BIDiRECTIUNIE SWITCH:
TS G —
S MR =
N
Yne T~

NOTE: For hiased diode load, 1f V) ; < Vi ocpo1q Of the load then dis-
charge {s through recharge elements in parallel with the load.
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thyratrons 5 kV. If this number is exceeded the device ar¢s. Arc damage
depends solely upon the properties of the switch tube., Ignitrons, even at
high-repetition rates, can handle some intermittent arcing. Thyratrons
usually include protective snubber devices to keep the voltage under con-
trol. If the load does arc and it is a tetrode thyratron tube, basically
nothing happens to it because there is the forward bias plasma in the
cathode region, and thus when the switch breaks down from excessive inverse
voltage, it tends to do so in a bulk ionization mode. Spark gaps of course
are fully bidirectional and thus can handle inverse currents with no prob-
Tem,

[f the inverse voltage is less than whatever 1is needed to turn the
load back on in the reverse bias direction, the PFN discharges through the
shunt element that is in parallel with the load, which is either the induc-
tor or resistor used to allow the PFN to recharge. The negative voltage
just discharges through those elements.,

When the load resistance is greater than ZN, a step results (Fig.
15). When lasers or magnetrons turn off, the impedance becomes very large
and a long time to zero can follow. Spark gaps and ignitrons have no
problem handling this, but thyratrons do. Older modulators were designed
using this positive mismatch to avoid inverse voltage on tubes. It was
felt that there must always be a time at which the voltage and current must
raach zero to let the tube recover. Today, the best way to achieve this
goal is to pulse charge the PFN., Instead of only a rescnant or resistive
charging unit, a switch is put in series with them and turned on to re-
charge the PFN well after the output switch has recivered,

8. Voltage Reversa: During Load Faults

If there 1s a short-circuit fault in the load during the discharge,
it almost instantaneously puts -VN across the PFN, If the switch recovers,
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FIGURE 15: FURTHER EFFECTS OF CHANGE IN 1.0AD IMPEDANCE ON THE PERFORMANCE
OF LINE-TYPE POWER CONDITIONING SYSTEMS

Vi RL > N
NOTE: R, < Zy case with unidirec- Va1
tional switch: switch opens when ‘ ‘L_-_L____
voltage across it passes through zerc, ’ ‘
Then PFN has V. , on it at beginning of ] —
N-1 0 - -

next charge cycle. For example, in re-
sonant charging:

Vnen charging period = Vor (VBC - VJN-I) e—RcTr/ZLc

v ltage left on PFN after N-1 disch Lc = Charge L
JN-1 voltage etk on arer - scharge RC = Loss resistance
iv L

For example, let the load fault with unidirectional switch
leaving -VN upon PFN

. - -»/2Q x :
AV e Ve t (VLC +V\) e and Vy = 2Vp.

1fQ>10. e ™21
I.VI = VDC + (VDC + ZVDC) = 4VDC >> VN

GENERALLY SWITCH FAULTS AND PULSER O\VZRVOLTAGE/CURRENT SENSORS TURN HV OFF
Cases of interest for PFN charging voltages:

No Fault RL . ZN ’Ear1yﬁfa91ts: RL . ZN

4 VDC

v o
VN ------ .ﬂ' N
IZVDC ‘ /] -ZVDC
| VA | L
G % TINE
2
..vN t
Fault
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it starts charging from -Vy and resonantly charges up to four times the
peak dc (Fig. 15). A general property of resonant circuitsl is that they
will charge up to twice the sum of the absolute value of the voltage below
the zero line plus the dc voltage. At high voltages, the switch tube
faults as it exceeds its forward hold-»ff voltage, and the protection
circuits in the system must come into play.

VIII. EFFECT OF PARASITICS ON SYSTEM PERFORMANCE

A sketch of a typical line-type PCS is given in Fig. 16(a), with
several stray capacitances shown. The inverse diode D2 is used to clamp
any negative voltage ieft on the PFN at the end of the discharge cycle or
during load faults. The charging diode is Dl' The World War II modu-
1ator designs used the vacuum diodes shown, which could be replaced with
solid-state diodes. Tharc are still, however, stray capacitances. When the
switch tube is turned on, CS and Cs' contain stored energy, and being
small, force the tube to shunt to ground this energy at a very high rate of
rise of current and oscillations occur, In system design, a current-view-
ing resistor (e.g., T&M, Inc., Type W) should always be inserted in the
circuit in the cathode of the thyratron, ignitron, krytron, etc. (Current
transformers are difficult to use in very fast circuits: they have a non-
Gaussian response and give rise to shock-excited oscillations with a driv-
ing current waveform that has a front risetime faster than their effective
risetime,) If oscillations are apparent, the lifetime of the device in the
PCS usually will be shortened. OQuring the rapid time-varying resistive
turn-on phase, the instantaneous power dissipated in the device can be
excessive,

Oscillations can be dampened with a shunt LR network in the thyratron
anode lead. Choose a Q less than 2 if possible. Ohmite makes a parasitic
suppressor used for suppressor grid and neutralization oscillation suppres-
ston. It is a 50-n resistor in parallel with a silver-plated inductor of
0.3-uH inductance and is inexpensive, They can be used in series with the
anode of the tube and are effective.
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FIGURE 16(a): TYPICAL LINE-TYPE PCS
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FIGURE 16(b): WAVEFORMS SHOWING LOAD AND THYRATRGN CURRENT IN A LINE-TYPE
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Spark gaps also dissipate power during the turn-on time. That is a
waste of the capabilities of the device, and the lcsses should be minimiged
by reducing the turn-on time.

IX. PROTECTING THYRATRONS FROM EXCESSIVE VOLTAGES

[f there is a short on the load (Figs. 17 and 18) and if a resistor
equal to the impedance of the load could be instantaneously put in parallel
with the switch tube, the maximum apparent voltage would be 'Vdc' With a
noninductive resistor inserted in the circuit. during a short, a tube
charged to +30 kV will see -25 kV on the anode and the tube could arc back.
With a tetrode tube, the arc damage from occasional faults is not signifi-
cant. To really protect the tube a shunt network could be added from ancde
to ground. Adding a diode-resistor end-of-line clipper across the PFN
(Rg = Zo), then 12.5 kV will result and the tube will be safe.1 The
biggest problem is the turn-on time of the diode. Many diodes have fast
turn-on times, but are capacitively graded and have very little protection
from stray electromagnetic fields coupling to them and destroying the
Junctions. For research applications, one means of obtaining fast recovery
is to make a coaxial array of very fast recovery diodes and to put them all
around the thyratron,

Even if everything is matched a shunt inductor Lg not equal to zero
is included in the system. When the load is a laser and it turns off with
some voltage across it, some current has been flowing through L at that
point. A voltage reversal may result, depending upon the ratio of the
stored energies in the PFN and the shunt inductance (Fig. 18). Unfor-
tunately, Leo the inductance across the load, is usually fairly large to
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FIGURE 17: [INVERSE VOLTAGE REMOVAL DURING LOAD FAULTS

by |

R/’
D
. «— END-OF-LINE
: CLIPPER
BESQNANT. CHARQING D3 PrN:
D, ]
e e e —p - —{¢ '
L
THYRATRON
D.

LoaD

Ls
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= /

INVERSE
0DIODE
Now the "inverse diode" conducts during fault-induced voltage reversal
on PFN, removing PFN voltage to zero before resonant recharging begins.
If Ry = Iy = Ré, all voltage, Vn-1» 18 removed in the first reversal
pulse.

NOTE: Even for ZL = ZN' for LS # 0 there is some current flow in L, thus
at end of pulse:

T d
g T / f

ILr
S LS
'} L
N-1 PFN
Can show: LI and o T = «
— Iy s

S may need 02 even if ZL = ZN
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FIGURE 18: INVERSE YOLTAGE CALCULATION AND REMOVAL DURING LOAD FAULTS

At end of pulse of length ¢,” for laser or magnetron loads, the load
open circuits when the voltage is below the holding voltage (Sustaining
Voltage) Vg.  Energy stored in L charges Cy capacitance in PFN:

v 2 2 v
g ()% = Lt T
S S : S s
And =3 ¢, VE
N YN-1
N
But Since ZN x ZL VL *
2 1 2 .2 "N2 i
. = = = T
FAOVNL T OV T Y T T
2
<VN-1> . 12_
s Lly
2
v v
2 o L = N =
But S I i Vo= b Y
VN2 T N

voe 202 =2 WL /G 2V,

( In-1Y « 3 x 2O

N S*N
v }LC /L
N-1 N*N N
or —v—— LI r-c— ™ .[...
- < N) S*N i S

WHERE THE SIGN DEPENDS UPON CURRENT FLOW DIRECTION: e.g., If I, 1s the
S

dI
same sign I, was, then negative sign {s used since V-1 @ 'a'!:'L' <0.
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FIGURE 19: LOAD SHORT-CIRCUIT FAULTS

As we showed in Fig. 15, faulting in the load during discharge can
dramatically increase the voltage the PFN is charged to in the following
recharge. Only by providing an impedance-matched inverse diode network can
this be avoided under all conditions. With present solid-state diodes and
hydrogen diodes such a low impedance inverse network is almost always
possible.

This network can also be connected across the PFN called an “end-of-
line clipper" and serves primarily to clamp the PFN voltage reversal to low
value and protect PFN capacitors.

Vi PPN
<
X
set Rn 27
10 l D N
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e — o TiIME
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D
faults here
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keep the efficiency high; thus, even though the system has perfect matching
there may be some need for inverse diodes to protect the tube from load
faylts. ’

The resistor RD 1s normally quite a large value (several hundreds of
ohms) and it is chosen to be large enough to keep the voltage across the
switch tube negative until recovery is assured. For small tubes that can
be 2 us, for larger tubes it can be 50 to 250 us.

X. EFFECTS OF LOAD SHORT CIRCUITS

Faulting in the load during discharge (Fig. 19) can d-amatically
increase the voltage to which the PFN is charged in the follow! .g recharge.
Only by providing an impedance-matched, inverse-diode network can this be
avoided under all conditions. With present solid-state diodes and hydrogen
diodes, such a low-impedance inverse network is almost always possible.
These comments pertain specifically to very long-lifetime systems (5 to 10
years) at kilohertz repetition rates with no component failure desired.

The network, consisting of a diode and a resistor, can also be con-
nected across the PFN. When it s, 1t is called an end-of-line clipper and
serves primarily to clamp the PFN voltage reversal to a low value and
protect the PFN capacitors. When the load shorts there is a negative-
going pulse, and the energy represented by the hatched area under the curve
1s depositad in RD . ZN' and recharge then occurs. RD should be slightly
smaller than ZN so that sufficient negative voltage recovery time is avail-
able.

Note that the switch still must hold off VN/Z during the remainder of
the discharge time Fig, 20). Normally, restrikes of the switch will occur
infrequently during these conditions. Adding an end-of-line clipper
reduces the voltage by another factor of 2, clamping the PFN reversal to
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FIGURE 20: INVERSE VOLTAGE APPEARING DURING LOAD FAULTS AND NONLINEAR
CIRCUITS TO CONTROL THIS VOLTAGE

NOTE: The switch still must hold off a ¥y/2 during the remainder of the
time t. Normally restrikes of the switch occur infrequently during these
conditions. Adding an “end-of-line clipper" reduces the voltage by another
factor of 2, clamping the PFN reversal to « Vdc/z. With fast circuitry
they are "often replaced” and an inverse diode network only is used.

NOTE: True tetrode thyratrons are highly damage resistant to inverse inter-
nal arcing. They should be used whenever possible.

f VO\

V =

NONLINEAR CIRCUITS: The "mov" and "thyrite" materials have I a (V - V )6
so that they can replace all or a portion of RD to reduce diode %% and
allow larger peak currents:

%% < 3 E% (Westinghouse 20 A stacks)
KA

=3 (Westinghouse 5 A stacks)

-~ CONSULT MFR FOR PEAK CURRENT LIMITATIONS: Generally Izpkt enargy limit
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less than vdc/z. With fast circuitry, they fzil rather frequently and an
inverse diode network only is used.

What 1s normally meant by tetrode thyratrons is an anode, a control
grid, a cathode structure, and an envelope with some hydrogen inside.
Normally, there is a tiny pin stuck in the side of the grid structure, when
forward biased, will reduce the jitter. That is not a tetrode tube; chat
fs a tube that has a prefonizer electrode in it. This tube otherwise
behaves like an ordinary triode thyratron. A true tetrode thyratron actu-
ally contains another grid. An electron cloud is generated through forward
biasing this first grid, and the potential well from the reverse-biased
upper grid prevents these electrons firom seeing the accelerating anode
potential, Note that true tetrode (with two grids) thyratrons are highly
damage resistant to inverse internal arcing. They should be used whenever
possible,

In a large reliable system, fault current should be controlled with
an inverse network. Current could be put through a time-varying resistor
to keep the inverse voltage initially low and gradually discharge the PFN,
reducing premature failure, This can be done with thyrite varistors. They
are highly capacitive and difficult to use in kilohertz repetition-rate
circuits.

The metal-oxide varistor and thyrite materials have I o« (V - Vo)s, (v
{s the turn-on voltage and V the applied voltage) so that they can replace
all or a portion of RD to reduce di/dt and still allow larger peak cur-
rents. Keeping di/dt less than 3 kA/us for 20-A stacks and about 1 kA/us
for 5-A diode stacks is recommended by Waestinghousa.

0
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XI.  OPEN-CIRCUIT PROTECTION WITH CABLE INTERCONNECTIONS

Referring to Fig. 21, 1f the load is shorted, a wave is sent back and
is multiplied repeatedly until the cable breaks down. If L and R are cor-
rectly chosen, the voltage pulse can be reduced significantly. In large sys-
tems with very high voltages there is no choice but to do this. In single-
shot systems, a single point-plane spark gap connected to ground through a
copper sulphate resistor is used to offer additional protection. If the
laser faults, 1t sends back a -V and the point-to-plane gap across the cable
input breaks down controlling this voltage. Such spark gaps can be used for
high repetition rate systems, hut erosion and gas flow needs may pose prob-
lems. In another circuit, the switch can be self-triggered. If relatively
long pulses are used, a triggered spark gap protector can be added. When the
wave comes back, a capacitive divider reduces the voltage and, fed through a
diode, triggers the spark gap.

For cable connections to the load, either a shunt spark gap to ground
or a shunt L/R network at each end of the cable 1s suggested to protect

from overvoltages.

Figure 22 1s a useful compilation of information on inductive loads
prepared by Bi1l Nunnally,

XII. LASER LOADS

A, Direct-Discharqge Pumped Excimer Laser Loads

Rare-gas halogen lasers, of considerable interest as sources of
intanse ultraviolet energy, represent one of the most challenging time-
varying loads to come into existence in the last decade (Fig. 23)., One of
the difficulties in these systems is their time-varying nature.
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FIGURE 21: OPEN-CIRCUIT PROTECTION WITH CABLE INTERCONNECTIONS

For cable connections to the load, use a shunt spark gap to ground or
a shunt L/R network at each end of cable to protect from overvoltages.

e ® R
T0 PPN OF ‘_“__ﬂ-EyL - L
PULSE LENGH: T ¢ ) AL
) -1 LOAD
- L

IH T { lureo?:::

Ti IS CABLE TRANSIT TIME

L/R < r, AND L/R > 2t, for proper damping. If L/R = 21, then at time
R LR ot l
t = 2t voltage at @ s ale V2
For load shorted: = VN/Z X ‘l/ez‘ (1.e., 90% damping) pick Q = % = 0.5
to quench oscillations; therefore voltage stress at @ has been reduced
from =2 Vy to .05 VN and only small oscillations are allowed.
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FIGURE 22: CIRCUIT INFORMATICN FOR INDUCTIVE LOADS
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FIGURE 23: SIMPLIFIED EXCIMER LASER DRIVER
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It is not unusual to see them go from many ohms to millichms, making the
maintenance of a constant VL (which determines the excitation efficiency

of the system) extremely difficult. Uniike the carbon dioxide laser, these
discharge-pumped systems aice quite unstable plasmas, so that the impedance
of the krypton (or argon, xenon, etc.) helium, and filuo~iie mixtures de-
creases monotonically with time. These notes highlight the most extensive
engineering study parformed to date on the electr cal characteristics of
these lasers,9 and time permits sketching only some of the interesting
properties of these loads. Figure 24 schematically 1llustrates the type of
Excimer laser of intarest here, Energy is stored in the driver capacitor D
and transferred into tne cable capacitance C during and after the closure
of the spark gap or thyratron switch S. The cable PFN generally has an
impedance of 0.5 to 1 ¢ and a discharge time approximately equal to the sum
of the cavity time o break down plus the time to termination of the laser
puise. (This 1s close to the time the current takes to decay through
zero,.) As the switch closes, there is a permissible build-up time. Ini-
tially, the g&s mixture is preionized by one of several means, here by an
array of sparks P along the electrodes E. After a short delay, the switch
S 1s closed and the voltage on the electrodes builds up from zero to break
Juwn 1n abou: 80 ns. Thaen a large current flows through the low-inductance
load (L 1s appr.ximately 2 nH), The most significant problem in this
system {s the rapid dez-24se in the load impedance with time, clearly
indicating that conventional PFN design techniques are inappropriate to
achieve the theoretically high efficiencies. To date, efficiencies in
excess of 1X have been schieved at energies of al J. The major difficulty
with this system fs that when the switch closes it Joes so with a time
constant, so the voltage cn the electrodes has some build-up profile,
either inductance limited or switch-‘esistive phase limited. Another major
difficulty here is .-e current unavailahility of lumped elements with
parasitic inductances sufficiently low to allow the synthesis of time-
varying PFNs req.ired in this application. Devising techniques to effect
such natworks or transrmission 1ines, whatever may be the highest pumping
efficiency drive. s for these rystems, remains one of the more difficult
power conditioning engineering problems today.
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FIGURE 24: TYPICAL EXCIMER LASER
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Typical Excimer Laser, D- driver capacitor; S- switch; C- cable
PFN; L= aluminum plate; E- electrodes; P- preionization source;
D- rigid dioclectric body

Ref. 9

ED5380.EL

[}



GISCHARGE CIRCUITS AND LOADS "~ LECTURE 5 43

In these systems, the closure times of switches currently available
are around 20 ns, significantly affecting the build-up times on the cavity
electrodes and adding to the energy losses in the discharge loop. Advances
in pulse-charged, very low inductance thyratrons and spark gap switches may
well make long-1ife lasers of this class a reality. The remaining chal-
lenge will be to design and construct low-inductance, inverse-diode systems
to protect the thyratron switches under conditions of laser cavity arcing.

Figure 25 shows that for a KrF laser there is a voltage bui1d-up urtil
the discharge turns on. The current builds up to peak value while the
voltage is decreasing. This is undesirable because the voltage must stay
above a threshold level for optimal excitation kinetics. This threshold
level is, unfortunately, rather high. Most of the energy deposited in the
system is Inefficient in pumping the laser. Ideally, a time-varying PFN is
needed that has tne reciprocal! of the impedance of the discharge with time
down to¢ levels of = 50 mQ. In contrast to this, typical extended-foil
capacitors have an internal resistance of = 25 mq.

Figure 26 also shows the predicted power vs time and the predicted
impedance vs t1me.9 The agreement with the model is quite good.

8. Flashlamp Loads

A flashlamp 1s a glass tube with two electrodes, containing xenon,
krypton, or some other gas mixture at rather low pressures (Fig. 27).
Assume a length 1 and a diameter 4, Normal flashlamps are driven by long
(multimicrosecond) pulses; there {s very little concern about switch losses
and they can even be driven with silicon-controlled rectifiers. Empiri-
cally, it has been shown that the lamp voltage is some constant times the
square root of the current through 1t.10
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FIGURE 25: TIME HISTORY OF CIRCUIT AND SYSTEM PAPAMETERS IN THE DISCHARGE-
PUMPED KrF+* LASER

KRYPTON FLUORIDE LASER:
ELECTRICAL CHARACTERISTICS
T
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41—
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3l POWER -

ENERGY

" L _

0 T 2
TIME (x 107)
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FIGURE 26: COMPARISON OF PREDICTED AND MEASURED PCWERS AND IMPEDANCES IN
THE DISCHARGE-PUMPED KrF* LASER
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FIGURE 27: FLASHLAMP LOADS
L SWITCH
B o e N
) FLASHLAMP: of 1length cm
4 v .
.Va L ) diameter d cm
C Containing Xenun or Krypton
/Y
e

Pulse widths are typically 5 to 125 us so that switch losses can be

neglected.

V* k/i/ ", Empirically determined

For small voltage reversals on C and maximum energy transfer into the
lamp in the flrst current ki cycle: (say = 20X reversal as determined by
the cost for C for a given lifetime)

Then: 1.

ED5380.EL

2
K = 1.3% (;1) Py = 450 torr for xenon

P = Actual xenon pressure in flashlamp
U= i Voz: Energy stored in capacitor,

Let t = Pulse width [not FWHM but zero to zero of current).
t svJLC '

2 2
305 Ut 0.05 U
Cry ST T 7

Check U explosion = 6.8 x 104 1d (LC)h' 50% probability
(t>10us) = 3.8 1d/t of explosion

Ref. 10
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Capacitor cost can be reduced by allowing a small, say 20%, reversal and
designing for maximum energy transfer in the first current half cycle, If
the 1ight output of the lamp and the energy to be deposited in the lamp are
known, the explosion limits for relatively long pulses can be determined.
When the energy stored in the capacitor 1s equal to the determined energy,
there is a 50X chance that the lamp will blow up. In most circuits, it has
been fnund that the longer lamps can be operatad near the explosion 11m1t.1°

The most convenient way to trigger a flashlamp is with a series
injection trigger transformer, usually on the ground end. This generates a
pulse that exceeds the self-break voltage of the lamp and the lamp turns
on. The fluctuations in the breakdown time can be significantly reduced by
overvolting the lamp by a factor of 2.

C. Carbon Dioxide Laser Load

There are two kinds of CO2 lasers: electron beam lasers and TEA
lasers, The latter are similar to the Excimar laser, wherein their
impedance decreases with time, but at a slower rate. The CO2 lasers with
electron-beam-controlled discharge systoms, for example, basically act as
resistive loads with some curn-on voltage. The gas discharge voltage can
be provided by a Marx bank. If the pumping voltage wave form 1s altered to
r'<e more quickly the gain rises faster, permitting more energy to flow out
of the system for shorter optical pulses into it., Experimenters have
looked into a type C PFN, with two sections (two L and C, ore each per
section in the PFN) and have derived the voltage pulse shown in Fig. 28.

This worked very uel]]‘
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FIGURE 28:

CARBON DIOXIDE LASER LOADS

Electron beam controiled discharge
- pure resistive load compared to diode magnetron type of load

- can use type C PFN in Marx stages

- large units: Z = 3 q for 2.5 us discharge times

——

(= 00 4V el

Fo. 1. 600-kY, 1 50 type-C Quillemin - Marz network. This is the
ideal circunt ignoring siray inductance. Circuit slement values wre
discussad im the waat. A “'uage’ 18 conndered 10 b & spark gap. a
set of positively charged capacitors. and a set of negatively charged
capacitor.
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PER STAGE:

48

TYPE C PFN

- 2
Ly 0.63 Cl Zo

Ly = 6.5C

Zo2

C1 = 0.40 z%

Cy = 0.042

14

Defining =, Vpk and U stored
defines all the particular

components.
then C1 = 8,6 F
C2 = 0,58 F For
L1 w220 F Zo= 2,510
L2 = 235 F
Advantages for Resistive Load:
1. Vpk per stage times n « VL
2. Stray L in connection loop
affects risetime hut not

peak power,

3. Wavaform readily changed.
s Can use with time vary-
ing loads.

Ref. 11
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The TEA lasers are like HF and Krf lasers that are discharge pumped.
They can be made to work very well at high-repetition rates, but everything
that has been said about the Krf laser can be said about TEA lasers, multi-
plying the time-scale of excitation by a factor of 10. The TEA lasers also
havz @ smaller decrease in impedance with time, compared to KrF lasers the
ratio is considerably less.

D. Discharge-Pumped Hydrogen Fluoride Laser Load

The HF lasers are attachment-dominated and the impedance decreases
with time (Figs. 29 and 30). Impedance was measured as a function of
current in kiloamps for different pressures of the gas (Fig, 31). To
design this particular system, one must choose a pulse width less than the
arcing pulse duration (20.25 us). Even if the electric field is kept
constant, the gas heats with time until it experiences thermal breakdown.
This {s a common characteristic power-loading limit of ail lasers,

XIII. SUMMARY

Generally speaking, with the exception of electron-beam systems,
lasers all have decreasing impedances with time. This presents a challeng-
ing area for research to provide high-efficiency lasers with electrical PCS
drivers optimized to meet the load excitution kinetics requirements.
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[FIGURE 29: DISCHARGE-PUMPED HYDROGEN FLUORIDE LASER LOAD

1. Electrical drive similar to KrF* laser discussed before,
2. From expariment: [mpedance cecreases with increasing discharge
current: A time-varying load.

-Take 7 at peak current to design PFN with peak voltage determined
from a scaling experiment.

-Design PFN width for optimum pumping and pulse termination before
the onset of arcing (= 300 ns for a laser electrode spacing of 5 cm)

Ink = Vpk/Ipk

Vpk  —f—---ees y

<== = --= Ipk

Discharge
impedance:

z

t —————o Ref. 10
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FIGURE 30: DISCHARGE-PUMPED HYDROGEN FLUORIDE LASER LOAD

3. Results of the calculations

-Used NET 2 program and incorporated L of each capacitor as part of the
PFN. Type E-C hybrid PFN could be designed analytically but far more
cost effective to use computer.

4. Short circuit ringing tests:
a. short cavity
b. from ringing following may be determined

Ly o I g R/L .t r = 2n \LC
. R \ L = total :
. u - T ’ discharqge loop
inl pk in lo T /4 . inductance.
. R
lnIpk = In lo - T 3t/4 =~

|

I

)

7
Subtract [- \\~,__,/" =

t —»

- + - + R
In e In 15 @ In (1571, 7) = e (3-1) T Re/2L
. ;L « 20/ 1C = »RVC/L = 1n (Damping ratio)

. obtain "L* and "R"

4'/’; L
SHORT CIRCUIT LASER CAVITY
RINGING EXPERIMENT
C—dh— '
Ref. 10
R
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FIGURE 31: APPARENT IMPEDANCE OF THE DISCHARGE-PUMPED HYDROGEN FLUORIDE
LASER LOAD
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